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Extended Data Fig. 2| Influence of mutation rate and library size on SQUID fixed number of mutagenized sequences N=100, 000, or (b) fixed mutation rate
attribution maps. a,b, attribution variation (left) and average attribution maps r=10% and variable number of mutagenized sequences (N). All SQUID attribution
(right) found for 50 SQUID attribution maps computed for the TF AP-1asin maps were computed using additive models with GE nonlinearities, followed by
Fig. 2 but using in silico MAVE libraries having (a) variable mutation rate (r) and cropping these maps using a flank size of n,= 50 nt.
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Extended Data Fig. 3| Nonlinearities and noise across DNNs and TFs. Examples of the GE nonlinearities and heteroscedastic noise models inferred in the SQUID (GE)
analyses performed for Fig. 3. Each plot shows results for a representative sequence among the n = 50 sequences analyzed for each combination of DNN and TF.
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a Average of 50 Oct4 attribution maps per method Oct4 attribution map from chr1:13938027-13939027
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b Average of 50 Sox2 attribution maps per method Sox2 attribution map from chr8:9140787-9141787
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Extended Data Fig. 4 | Average and example binding motifs for Oct4 and Sox2. a, Oct4 motifs, centered on the putative binding site TTTGCAT. b, Sox2 motif's,
centered on the putative binding site GAACAATAG. TF binding motifs are from attribution maps computed for BPNet and plotted asin Fig. 3c.
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Extended Data Fig. 5| Benchmark analysis of attribution variation for
putative weak TF binding sites. a, ISM attribution map given by BPNet for a
representative genomic sequence containing multiple putative weak binding
sites for the mouse TF Nanog (¢top). Blue represents the wild-type nucleotides
while gray represents other nucleotides. PWM scores (given by PWM for Nanog

motif) are displayed across the genomic sequence (bottom). Only positive PWM
scores are shown. b, For each TF and DNN, plots show attribution variation values
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for150 putative TF binding sites plotted against putative binding site strength.
Bold lines indicate signals smoothed with a sliding window of 20 nt. Stars indicate
Pvalues computed using the one-sided Mann-Whitney U test: **,0.001< p < 0.01;
*** p<0.001.PWMscores for each of the 150 putative sites are shown above,
along with alogo representation of the PWM used. Each site is represented by a
gray bar shaded according to the number of mutations (0, 1, or 2) in the core of

the putativesite.
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Extended DataFig. 6 | Attribution maps computed for strong and weak TF Ohler using DeepSTARR (b). Remaining rows show attribution maps for four
bindingsites. a,b, Top row shows the average of 50 attribution mapsin the representative genomic loci with the central putative binding site having varying
0-mutation ensemble computed for IRF1using ResidualBind-32 (a), and for numbers of mutations from the consensus binding site.
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Extended Data Fig. 7| Occlusion analysis of AP-1binding site effects. ateach position. The baseline score (CTRL) was calculated from the median of
Occlusion study based on the wild-type sequence investigated in Figures 6d predictions corresponding to n=100 instances of a dinucleotide shuffle over the
and 6e. Occlusions were performed for every combination of one, two, or three full 2048 nt) sequence. The DNN prediction rapidly approaches the genomic
occluded motifs, with the DNN prediction taken independently for each instance baseline as additional binding sites are occluded. Boxplot lines represent
(n=100 for each boxplot). Ineach occluded sequence, the corresponding AP-1 median, upper quartile, and lower quartile; whiskers represent 1.5 x the inter-
core (7-mer) sites were scrambled using a uniform probability of nucleotides quartile range.
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Extended Data Fig. 8 | SQUID supports global DNN interpretations. a, In silico
MAVE libraries used by SQUID to infer surrogate models of global TF specificity.
Eachsequencein the library contains a partially-mutagenized version of a
consensus TF binding site embedded within random DNA. b, Additive surrogate
models for BPNet inferred by SQUID using libraries of the form in panel a for the
mouse TFs Oct4, Sox2, KIf4, and Nanog. Gray bars indicate 10.5 nt periodicity on
either side of the inferred Nanog motif. ¢, Format of the in silico MAVE libraries
used to study global TF-TF epistatic interactions. Each sequence in the library
contains two partially mutagenized consensus TF binding sites embedded a fixed
distance apart (0 nt to 32 nt) within random DNA. d, Pairwise surrogate model
inferred for BPNet by SQUID using a library of the formin c and putative binding
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sites for Nanog and Sox2. e, Distance-dependence of inter-site interactions
between Nanog and Sox2. Dots show the Frobenius norm of inter-site pairwise
interactions, inferred asind, using libraries having different distances between
the embedded Nanog and Sox2 sites. The occurrence of periodic inter-site
interaction minima occurred at distances where the central nucleotides in Sox2
(thatis, AA) overlapped with the periodic Nanog-associated flanking signals.
Black line is from aleast-squares fit of a polynomial of degree 10.d,e, Libraries
comprised of 500,000 sequences. BPNet profiles were projected to scalars using
PCA, which yielded substantially lower background noise than obtained using
profile contribution scores.
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Extended Data Table 1| SQUID computation times

DNV oPmap T et (e (imiey (e (epochy (s
DeepSTARR Additive 250 1000 0.184+0.01  0.04+£0.00 13.3+2.9 180.9+39.0  13.5+2.9
DeepSTARR Pairwise 30 6960 0.09£0.00 0.05£0.01  4.5£2.8 102.1+63.4 4.612.8

ResidualBind-32  Additive 2048 8192 0.78+0.00 2.19+£0.01 4.8£1.1 61.3%15.6 7.8+1.1
ResidualBind-32  Pairwise 30 6960 0.12+0.00  2.19£0.01  3.2£0.2 41.6£3.5 5.54+0.2
BPNet Additive 1000 4000 0.344+0.00 17.36+0.01 11.34+2.7 138.7+34.0  29.0+2.7
BPNet Pairwise 30 6960 0.09+0.00 17.35+0.01 4.8£2.4  62.6+33.2 22.242.4
Enformer Additive 768 3072 0.37 1540.80 47+£1.1  829+20.0 1545.9+1.1
Enformer Pairwise 30 6960 0.09 1540.80 1.8+0.1 33.8£2.4  1542.7£0.1

Shown are SQUID computation times for the different stages of analysis of various genomic DNNs using various types of surrogate models. All analyses were performed using 100,000 variant
sequences mutagenized at 10% per nucleotide, a GE measurement process with a skewed-T noise model, and early stopping. Error bars indicate standard deviations over 10 analysis runs. For
DeepSTARR, ResidualBind-32, and BPNet, analyses were performed for 10 different in silico MAVE datasets. For Enformer, 10 analyses were performed on the same in silico MAVE dataset due
to each forward-pass being slower for Enformer than for the other DNNs. Shorter sequences were used when inferring pairwise-interaction models to keep the number of pairwise-interaction
model parameters comparable to the number of additive model parameters. DeepSTAR and ResidualBind-32 analyses were performed using a V100 GPU in Google Colab. BPNet and
Enformer analyses were performed using an RTX A4000 GPU on a private server.
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Extended Data Table 2 | GE modelling is robust to the number of hidden nodes

Measurement  GE Hidden test]_pred max I_var max val_I_var

DNN Process Nodes R? Epochs (bits) (bits) (bits)
DeepSTARR Linear N/A  070£003 9844234 12401 0501  05+0.
DeepSTARR GE 1 0.86+0.03 11244247 1301 12401 13403
DeepSTARR GE S0 0864003 20214415 1301 13401  12+0.1
DeepSTARR GE 1000 0.86+0.03 14684547 1301 1301  12+0.1

ResidualBind-32  Linear N/A  070£0.18 11384378 14402 02404  0.0+04
ResidualBind32  GE 1 0934004 13694794 23402 24402  2.0+02
ResidualBind32  GE 50 0944004 11674803 23402 24402 20403
ResidualBind-32  GE 1000 0.93+0.05 127.0447.8 2302 24402 21402

Shown are results for SQUID analyses performed using surrogate models having either no GE nonlinearity (Linear) or a GE nonlinearity (GE) computed using different numbers of hidden
nodes (that is, tanh sigmoidal components; see Methods). Analyses were performed as described in Extended Data Table 1, except that in each test the 10 in silico MAVEs were generated for
the same genomic locus (as opposed to different genomic loci). For DeepSTARR, an additive GP-map covering 250 nt was inferred. For ResidualBind-32, an additive GP-map covering 2048 nt
was inferred. Error bars represent standard deviations over the 10 in silico MAVE datasets.
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The datasets, models, and computational results used to support the findings in this paper are available on Zenodo at https: //doi.org/10.5281/zenodo.10047748.
Datasets include the test set sequences held out during the training of ResidualBind-32, DeepSTARR, and BPNet; the ChIP-seq peaks and background sequences
used to train our 3-layer CNN; and the CAGI5 challenge dataset.
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Sample size For our analysis of attribution errors, we first located all instances of the consensus TF binding site in the genome. Using a baseline attribution
method, we then ranked and manually pruned these sequences to identify a set of putative functional and spatially-isolated TF binding sites.
We found the chosen numbers to be well representative of the population mean. To determine the number of sequences used in
constructing each MAVE dataset, we performed controlled experiments analyzing the effects of library size on attribution error. From this
analysis, we determined that 50 attribution maps were sufficient to compare effect sizes. Sample size calculations were not relevant to our
studies, which were purely computational.

Data exclusions | As described above, putative TF bindings sites were pruned based on rank and spatial isolation.

Replication We evaluated existing deep learning models which have fixed weights. Since the weights are fixed, direct replication is not relevant for this
study, which was purely computational. Instead, we analyzed our results over different deep learning models.

Randomization  For all surrogate models in this study, the weights and biases were initialized randomly.
Blinding Held-out test data was used to evaluate the performance of all surrogate models in this study. The models did not have access to the data in

the held-out dataset, and this data was only used post-training during model evaluation. Blinding was not relevant to our studies, which were
purely computational.
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